Alkylating agents induce genome-wide base damage, which is repaired mainly by N-methylpurine DNA glycosylase (MPG). An elevated expression of MPG in certain types of tumor cells confers higher sensitivity to alkylation agents because MPG-induced apurinic/apyrimidic (AP) sites trigger more strand breaks. However, the determinant of drug sensitivity or insensitivity still remains unclear. Here, we report that the p53 status coordinates with MPG to play a pivotal role in such process. MPG expression is positive in breast, lung and colon cancers (38.7%, 43.4% and 25.3%, respectively) but negative in all adjacent normal tissues. MPG directly binds to the tumor suppressor p53 and represses p53 activity in unstressed cells. The overexpression of MPG reduced, whereas depletion of MPG increased, the expression levels of pro-arrest gene downstream of p53 including p21, 14-3-3σ and Gadd45 but not pro-apoptotic ones. The N-terminal region of MPG was specifically required for the interaction with the DNA binding domain of p53. Upon DNA alkylation stress, in p53 wild-type tumor cells, p53 dissociated from MPG and induced cell growth arrest. Then, AP sites were repaired efficiently, which led to insensitivity to alkylating agents. By contrast, in p53-mutated cells, the AP sites were repaired with low efficacy. To our knowledge, this is the first direct evidence to show that a DNA repair enzyme functions as a selective regulator of p53, and these findings provide new insights into the functional linkage between MPG and p53 in cancer therapy.
Introduction
Living cells continually suffer damage as a consequence of normal cellular metabolism and as a result of attacks by environmental agents. Thus, the cell is continually faced with an agonizing choice: repair and live or die. Defects in this decision process can lead to cancer. The tumor suppressor p53 acts as a "traffic cop" to decide cell fate [1] . It is widely accepted that p53 is a sequence-specific transcription factor and plays a pivotal role in the regulation of cell cycle progression, apoptosis and DNA repair in response to diverse stress signals [2, 3] . In unstressed conditions, p53 is kept at an extremely low level due to rapid proteasomal degradation. However, under stress conditions p53 is stabilized and released from suppression [4] .
There are at least two ways in which p53 is activated: posttranslational modifications and interactions with various proteins. A few proteins have been identified that associate with p53 to selectively regulate the expression of p53 downstream targets. For example, we recently found that ATM-and p53-associated KNZF protein (Apak), a KRAB-type zinc finger protein, interacts with p53 directly and specifically inhibits p53-mediated apoptosis [5] . Similarly, ASPP1/2 and hCAS have been shown to interact with p53 and specifically enhance p53-induced apoptosis but not cell cycle arrest [6, 7] . In contrast, Hzf binds to p53, and preferentially transactivates the pro-arrest p53 target genes [8] . Notably, Hzf itself is a downstream target gene of p53. When DNA damage occurs, Hzf is upregulated and then coordinates with p53 to induce the expression of cell cycle arrest genes [8] . In unstressed conditions, the regulation of p53-mediated cell cycle arrest, particularly the negative regulation, is still not fully understood.
To search for novel regulators of p53, we used highdensity protein microarrays, as described previously [9] . Among the novel potential p53-interacting proteins, we found that N-methylpurine DNA glycosylase (MPG, also called AAG or ANPG), the first identified enzyme in the base excision repair (BER) pathway [10] , can bind to p53 and selectively inhibit p53-mediated cell cycle arrest in cancer cells under normal physiological situations.
BER is the major DNA-repair process responsible for handling the DNA damage that is induced by exogenous and endogenous alkylating and oxidative agents and by spontaneous depurinations. As a core enzyme in BER, MPG has been shown to recognize and excise a broad range of modified bases, in addition to normal bases, in DNA. The removal of bases leaves repair intermediates, abasic (apurinic/apyrimidic, AP) sites, that are cytotoxic and mutagenic, which makes it apparent that the removal of these BER intermediates is crucial [11, 12] . Under certain conditions, an elevated expression of MPG was found to contribute to the formation of sister chromatid exchanges, chromosomal aberrations, frameshift mutagenesis and microsatellite instability [13] [14] [15] . Previous analysis showed that MPG expression was increased in certain human cancers including breast cancer cells. Ulcerative colitis (UC), a chronic inflammatory disease associated with an increased risk of developing colorectal cancer [16] , was also observed to be associated with an increased level and activity of MPG [17] .
Alkylating agents have been frequently used in the treatment of human cancers. Cancer cells can become resistant to the treatments, and high-dose chemotherapy may induce secondary cancers. The major DNA damage produced by alkylating agents is recognized and repaired by MPG; therefore, it is a good candidate molecular target for individualized therapy. It has been reported that reducing the levels of MPG protein using siRNA increased the sensitivity of cervical carcinoma cell lines to Temozolomide (TMZ), methyl methanesulfonate (MMS), N-methyl-N-nitrosourea (MNNG) and 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) [18] . Reciprocally, overexpression of MPG was also deleterious to cells because more alkylating agent-induced AP sites and singleor double-stranded DNA breaks were produced [11, 12] . Collectively the above data suggest that an important role for MPG in carcinogenesis and that cancer therapy depends on its glycosylase activity to produce AP sites. Moreover, the varied responses of different cell types suggest that there are other molecules participating in the cellular response.
The crystal structure of the MPG-DNA complex shows that Tyr162 of the enzyme is intercalated into the space vacated by the lesion via the DNA minor groove, which helps maintaining proper base stacking and minimizing DNA distortion. Glu125 acts as a general base, deprotonating a water molecule in the nucleophilic attack on the N-glycosylic bond by an acid-base catalytic mechanism [19, 20] . To date, the function of the N-terminal part of MPG (aa 1-80) remains unclear.
Our current findings show that the MPG N-terminus is both sufficient and necessary for p53 binding and regulation. MPG specifically inhibits p53-mediated cell cycle arrest but not apoptosis. In response to alkylation damage, in p53 wild-type tumor cells, MPG dissociated from p53, resulting in the release of p53 and cell cycle arrest to allow for the repair of damaged bases. Thus, the combination of high levels of MPG with wild-type p53 in certain tumor cells led to insensitivity to alkylating agents. By contrast, in p53-mutated cells, the AP sites were repaired with low efficacy and the killing effects were higher than in the p53 wild-type cells. Therefore, MPG coordinates its glycosylase and non-glycosylase modules to participate in the DNA damage repair. Also, the p53 status coordinates with MPG to play a pivotal role in the determination of cancer sensitivity to alkylating drugs. To our knowledge, this is the first direct evidence to show that a DNA repair enzyme functions as a selective regulator of p53, and these findings provide new insights into the functional linkage between MPG and p53 in cancer therapy.
Results

MPG interacts with p53 in vitro and in vivo
To find new modulators of p53, we used a ProtoArray® Human Protein Microarray spotted with 8000 GSTtagged human proteins from multiple gene families on high-density glass slides (Invitrogen). All proteins were purified under nondenaturing conditions and printed at 4 °C to preserve their native structures and functions. Protein arrays (n = 3 per experimental group) were incubated with recombinant active p53 or assay buffer only. Software analysis was performed to evaluate the significant differences in the signal intensity between www.cell-research.com | Cell Research Shanshan Song et al. 1287
npg control arrays and the arrays incubated with p53. A total of 28 potential p53-interacting proteins were identified, including casein kinase 1 and aurora kinase A, the known p53-binding proteins (Table 1) . Among the previously unidentified potential p53-interactors is MPG, which has been demonstrated to be involved in the BER pathway and was further investigated in this study. As the above assay represents an in vitro binding method, we next tested whether MPG interacts with p53 in cultured mammalian cells. Myc-tagged MPG and Flag-tagged p53 were expressed individually or together in p53-null H1299 cells followed by co-immunoprecipitation (Co-IP) assays. Indeed, MPG was co-immunoprecipitated with ectopic p53 ( Figure 1A ). Reciprocal assays showed that p53 was also co-immunoprecipitated with the ectopic MPG protein ( Figure 1B) . For negative controls, there was no p53 or MPG detected in anti-Myc or anti-Flag antibody immunoprecipitates from cells transfected with Myc-MPG or Flag-p53 alone, respectively ( Figure 1A and 1B) . To further confirm the interaction between MPG and p53, an in vitro GST pull-down assay was performed. As shown, GST-fused MPG, but not GST alone, could pull down Myc-p53 that was overexpressed in H1299 cells ( Figure 1C) . Similarly, GST-p53 could also pull down the Myc-MPG protein expressed in H1299 ( Figure 1D ). Importantly, endogenous MPG was easily co-immunoprecipitated with endogenous p53, but not by a control IgG in wild-type p53-expressing MCF7 breast cancer cells ( Figure 1E ) and in HEK293 human embryonic kidney cells (Supplementary information, Figure S1A ). Indirect immunofluorescence assays revealed that MPG and p53 were colocalized predominantly in the nucleoplasm of MCF7 cells ( Figure 1F ). These results indicate that p53 binds to MPG both in vitro and in cultured cells.
Determination of the mutual interaction regions in p53 and MPG
To reveal the molecular mechanism for the interaction of MPG and p53, we used various p53 and MPG deletion mutants to map the domains required for their interaction. As a well-defined transcription factor, p53 consists of an N-terminal transcriptional activation domain (TAD), a central DNA-binding domain (DBD) and a C-terminal regulatory domain (including an oligomerization domain and a basic domain) (Figure 2A ). Co-immunoprecipitation assays showed that deletion of the N-terminal TAD domain of p53 (ND2, aa 113-393) or the C-terminal regulatory domain of p53 (CD1, aa 1-290) had no effects on the interaction between p53 and MPG ( Figure 2B , To confirm this result, we performed an in vitro GST pull-down assay. GST-fused MPG, but not GST alone, could pull down the ND2, MD3 and CD1 mutants of p53 and wild-type p53 but not the MD1 and CD2 mutants overexpressed in H1299 cells ( Figure 2C ). These results indicate that the region around aa 237-290 within the p53 DNA binding domain is critical for the MPG interaction.
Similarly, a series of MPG deletion mutants was generated ( Figure 2D ) and tested for the interaction with p53 through Co-IP ( Figure 2E ) and GST pull-down assays ( Figure 2F ). As shown, all of the examined MPG mutants, with the exception of ΔN2 (aa 94-294) and ΔN3 (aa 166-294), interacted with p53 in both assays ( Figure  2E and 2F). These results suggest that the N-terminal aa 34-79 region of MPG is both sufficient and necessary for p53 binding.
Certain residues within the DNA binding domain of p53 play a key role in the MPG-p53 interaction
Given the fact that MPG binds to the DNA binding domain of p53, which represents the hot mutation region in human tumors, we next explored whether tumor-derived p53 mutations in the DBD had any effect on the interaction between MPG and p53. A total of six frequently observed mutations of this region, including R248Q, R273C, R273H, A266E, R280K and E285K, were examined. It has been reported that all of these mutants have either low or no transactivation function compared with wild-type p53 [21, 22] . The generated p53 mutants were first confirmed for their transcriptional activity through a pG13L luciferase reporter assay. As expected, all mutants had low (e.g., A266E and E285K) or almost no transcriptional activity (especially R248Q, R273C, R273H and R280K) on the pG13L reporter compared with wild-type p53 ( Figure 3A) , consistent with previous reports [23] . These mutants were then tested for the interaction with MPG through Co-IP assays. Strikingly, three of the four loss-of-function mutants (i.e., R248Q, R273C and R280K) dramatically lost the ability to interact with MPG ( Figure 3B , lanes 3, 5 and 7). By contrast, the A266E and E285K mutants possessed a comparable MPG-binding ability with wild-type p53 (lanes 4 and 8). Reduced but still significant binding occurred with the R273H mutant for an unknown reason (lane 6). The re- 
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npg sults indicate that R248, R273 and R280 of p53 are key residues for the interaction with MPG.
To further verify these results, we selected several tumor cell lines possessing the above p53 mutations to examine the possible endogenous MPG-p53 interaction, including leukemia MOLT4 (R248Q), human colon cancer (CC) HT29 (R273H), human breast cancer MDA-MB-231 (R280K), human breast cancer BT474 (E285K) and leukemia Jurkat (T256K, D259G, S260A) cell lines. Co-IP assays showed that endogenous R248Q (MOLT-4) and R280K (MB-231) had very weak interaction with MPG, whereas R273H (HT29) and E285K (BT474) had Figure 3B ). Interestingly, the T256K, D259G and S260A mutations in Jurkat cells also attenuated the interaction with MPG ( Figure 3C ). These data indicate that certain residues within the p53 DBD (including R248, T256, D259, S260, R273 and R280) play critical roles in mediating the interaction with MPG, and some of the pathophysiologically occurring mutations in human tumors significantly weaken this interaction.
MPG represses p53-dependent transcriptional activity
Like other molecules in the DNA repair system, MPG cooperates with MBD1 for transcriptional repression [24] . To check whether MPG modulates the transcriptional activity of p53 by binding to p53, we expressed Myc-MPG with a luciferase reporter plasmid pG13L that contains 13 tandem repeats of the p53 responsive element in p53 wild-type MCF7 cells. MPG significantly inhibited the activity of endogenous p53 in a dose-dependent manner ( Figure 4A ). Knockdown of endogenous MPG by RNA interference (RNAi) significantly enhanced p53 activity in MCF7 cells ( Figure 4B ) and in HEK293 cells (Supplementary information, Figure S1B ). To confirm the results, exogenous p53 was expressed in p53-null H1299 and HCT116 p53 −/− cells together with pG13L and MPG. In the absence of exogenous p53, pG13L could not be activated; however, in the presence of exogenous p53, pG13L could be activated. The co-expression of MPG could inhibit p53 activity in a dose-dependent manner ( Figure 4C and 4D) . Given that the N-terminal aa 35-79 of MPG are required for p53 binding (Figure 2) , we determined whether they are also important for the repressive activity. As shown in Figure 4E , a deletion of the p53-binding region in MPG removed the inhibitory effect of MPG on p53 activity, suggesting that their interaction is required for MPG to inhibit p53.
The MPG truncation that lacks residues 1-79 contains the same enzymatic activity and binding specificity as the full-length protein [19] . This implies that MPG represses p53 activity independently of the MPG glycosylase activity. To confirm this hypothesis, two point-mutation mutants of MPG, E125A and Y162A, were constructed. These two mutants have minimal glycosylase activity [25] . A p53-dependent reporter with wild-type MPG, E125A, Y162A and p53 were co-transfected into H1299 cells. Wild-type MPG, E125A and Y162A had the same ability to significantly repress the transcriptional activity of exogenous p53 ( Figure 4F ). These results support that MPG can efficiently repress p53 transcriptional activity independently of its enzymatic activity.
We also tested whether p53 had any effects on the glycosylase activity of MPG. Biotin-labeled hypoxanthinecontaining oligos were incubated with purified MPG with or without p53 protein (Supplementary information, Data S1). As shown in Supplementary information, Figure S2, p53 had no significant effect on MPG excision activity.
MPG selectively inhibits p53 binding to pro-arrest target genes
To evaluate the effect of MPG on the transactivation function of p53, we first measured the DNA-binding activity of p53 to its downstream targets by electrophoresis mobility shift assays (EMSAs). We transfected a mock vector, MPG or p53 alone, or co-transfected p53 with different doses of MPG in H1299 cells and then harvested the nuclear extracts after 48 h. In the reaction buffer, Mg 2+ was added to inhibit non-specific binding of MPG [26] . As shown in Figure 5A , MPG reduced the DNAbinding activity of p53 to its binding sites on p21, 14-3-3σ and Gadd45 to an almost undetectable level in a dosedependent manner. Surprisingly, MPG had no significant effects on p53 binding to PUMA. For the controls, the vector and MPG alone produced no complexes with these oligonucleotides. These results suggest that MPG inhibits the DNA-binding ability of p53. Because the short probes of the examined p53 targets possess a highly conserved p53-binding consensus sequence, we propose that the preferential inhibition on the pro-arrest genes but not on pro-apoptotic PUMA by MPG might not be caused by the differences among the DNA sequences. Given that the protein used in the EMSA assays was isolated from the nuclear extracts of mammalian cells, MPG and its interacting proteins might play a role in the selection.
To further verify the differential effects of MPG on p53 binding to the targets, quantitative Chromatin immunoprecipitation (ChIP) assays by real-time PCR were carried out using control IgG or p53 antibody. Co-expression of MPG reduced occupancy of p53 at the promoters of p21, 14-3-3σ and the third intron of Gadd45, but it had no significant effect on the promoters of PUMA or PIG3 ( Figure 5B ). As a control, MPG itself could not be co-immunoprecipitated with these target genes. These data argue for a model in which MPG binds to p53 and selectively interferes with its binding to cell cycle arrest targets such as p21, 14-3-3σ and Gadd45.
MPG negatively regulates p53-mediated cell cycle arrest
We next examined the ability of MPG to regulate the transcription of p53 target genes. We measured the mRNA levels of typical target genes of p53 using quanti- tative real-time RT-PCR in the presence of overexpressed MPG or knockdown of endogenous MPG in MCF7 cells. The overexpression of MPG significantly reduced the mRNA levels of pro-arrest genes, including p21, 14-3-3σ and Gadd45 but had only weak effects on the pro-apoptotic genes PUMA, Noxa and PIG3; the DNA repair gene p53R2; and the metabolism gene TIGAR ( Figure 6A ). Consistently, when MPG was knocked down, the mRNA levels of p21, 14-3-3σ and Gadd45 were increased; in contrast, PUMA, Noxa, PIG3, p53R2 and TIGAR showed little change ( Figure 6B ). Similar results were obtained in HEK293 cells (Supplementary information, Figure  S3 ). The regulatory effect of MPG on the cell cycle arrest genes was dependent on p53, as in the p53-depleted MCF7 cells; MPG depletion had no significant effect on the expression levels of these genes ( Figure 6C ).
To confirm these results, we analyzed the expression of p53 target genes by western blotting. Overexpression of MPG downregulated the expression levels of p21, Gadd45 and 14-3-3σ, but not those of PUMA, Noxa, PIG3, TIGAR or p53 itself ( Figure 6D ). When MPG was depleted by RNAi, the protein levels of p21, Gadd45 and 14-3-3σ were upregulated, while those of PUMA, Noxa, PIG3, TIGAR and p53 remained unchanged ( Figure 6E ).
To examine whether MPG influences p53-mediated cellular effects, we measured cell cycle arrest and apoptosis. The knockdown of MPG induced a prominent G1 arrest in p53-proficient MCF7 cells but not in p53-depleted MCF7 cells ( Figure 6F ). In contrast, reducing the lower level of MPG had no significant effect on apoptosis (data not shown). Taken together, these data suggest that MPG negatively regulates p53-dependent cell cycle arrest but not apoptosis.
MPG releases p53 under alkylating agent-induced DNA damage
To explore how MPG balances the functions of glycosylase and p53 negative modulation in greater detail, we chose 3 different chemotherapeutic agents, 5-fluorouracil (5-FU), TMZ and MMS. 5-FU can block DNA synthesis while TMZ and MMS are known to induce genome-wide base damage, including 7-m G and 3-m A, which are the major substrates for MPG in vivo [27, 28] . Western blot analysis revealed that knockdown of MPG upregulated p21 and 14-3-3σ, but not p53, in MCF7 cells ( Figure 7A,  lanes 1 and 2) . Following an exposure to 5-FU for 4 h, the effects of MPG depletion on p21 and 14-3-3σ were not changed ( Figure 7A, lanes 3 and 4) . By contrast, TMZ and MMS treatment induced p21 and 14-3-3σ expression, and MPG depletion had no further effects on the increase ( Figure 7A, lanes 5-8) , implying that MPG lost the ability to regulate p53 activity under TMZ and MMS treatment.
Phosphorylation of p53 at Ser15 was used to verify the activating effect of each drug. Indeed, upon treatment with TMZ or MMS, but not 5-FU, the exogenous expression of MPG failed to inhibit the transcriptional activity of p53 in MCF7 cells ( Figure 7B ).
Because the MPG repression of p53 is dependent on their interaction, we then examined the endogenous interaction between p53 and MPG after DNA damage. Four hours after TMZ or MMS treatment, the interaction between MPG and p53 was significantly attenuated; treatment with 5-FU had no such effect ( Figure 7C) . The above results suggest that MPG had decreased ability to modulate p53 upon DNA damage induced specifically by alkylating agents.
MTS assay was used to measure cellular survival following MMS exposure. Cell survival measured by the MTS assay includes not only actively proliferating cells but also all metabolically active cells and is based on the assumption that dead cells do not reduce tetrazolium [29] . MCF7 cells were transfected with MPG or co-transfected with p53 or p53 mutant R248Q (which cannot bind to MPG with high affinity as shown in Figure 3 ) and MPG. MTS assays were carried out 24 h after MMS exposure. Results of > 10 independent experiments showed that MPG-but not p53-overexpressing cells were significantly more sensitive to the cytotoxic effects of MMS ( Figure  7D ). Co-expression of p53 with MPG reversed the effect of MPG, leading to enhanced cell survival. By contrast, the p53 mutant, which cannot efficiently bind to MPG had no such rescue effect ( Figure 7D ).
The fact that MPG lost its ability to negatively modulate p53 upon exposure to alkylating agents prompted us to speculate that MPG may be involved in tumorigenesis or be potentially beneficial in tumor therapy. We then examined the expression of MPG and p53 proteins in human cancer samples. Immunohistochemical staining of paired breast ductal carcinoma (BDC), lung squamous cell carcinoma (LSCC) and CC samples was performed ( Figure 7E) . Analysis of the stained tissue samples showed that the expression of MPG was positive in 38.7% of BDC, 43.4% of LSCC and 25.3% of CC cases and negative in all adjacent normal tissues. The percentages of the cases expressing a high MPG but low p53 (wild type) are 19.4% (BDC), 17.0% (LSCC) and 12% (CC) ( Table 2 ). These results suggest a possible role of MPG overexpression in the development of human cancers. Collectively, the above findings provide new insights into the functional linkage between MPG and p53 in cancer therapy.
Functional relevance of MPG-p53 interaction in BER
To demonstrate the physiological relevance of MPG as a p53 negative modulator in regulating BER, MCF7 cells were transfected with MPG or co-transfected with p53 and MPG. After an exposure to MMS, the unrepaired intermediates of BER were assessed by the accumulation of DNA single-strand breaks (SSBs). We used an NAD(P)H depletion assay to measure the extent of SSBs [30, 31] . Accumulation of SSBs activates poly (ADP-ribose) polymerase 1 (PARP-1) that catalyzes the formation of polymers of poly(ADP-ribose), resulting in NAD + depletion. As seen in Figure 8A , SSBs were provoked after the cells were exposed to MMS, and the breaks were more produced when MPG, but not p53, was overexpressed. When MPG and p53 were co-expressed, the BER activity associated with SSB repair was restored only by wild-type p53 but not p53-R248Q mutant ( Figure  8A ). These results suggest that p53 activity on pro-arrest target genes and cell cycle arrest can modulate BER capacity.
To confirm these results, the single cell gel electrophoresis or comet assay was performed [29, 32, 33] . The alkaline comet indicates an increase of alkaline labile sites (AP sites or SSBs). Cells were assayed 4 h after treatment with MMS of different concentrations. Alkaline comet assay results showed significantly increased comet tails in the Myc-MPG group treated with MMS compared with vector control, indicating that cells produce AP sites and SSBs in response to MMS treatment, and that MPG overexpression resulted in more sensitivity to alkylating agent. When wild-type p53 and MPG were co-expressed, comet tails was shorter than MPG alone. By contrast, the p53-R248Q mutant had no such effect ( Figure 8B and 8C) .
As a support, the number of AP sites in MMS-treated cells was measured using the ARP assay [34, 35] . As predicted, more AP sites were detected in those cells where MPG was overexpressed alone than in the cells where MPG and wild-type p53 were co-expressed ( Figure 8D ). This is consistent with the suggestion that upon DNA alkylation stress, wild-type p53 dissociates from MPG and induces cell growth arrest. Then, AP sites are repaired efficiently, which leads to insensitivity to alkylating agents. By contrast, p53 mutants which have no transcriptional activity cannot induce cell cycle arrest and thus the AP sites are repaired with low efficacy.
Discussion
MPG is a critical glycosylase involved in the BER pathway to prevent alkylation-induced chromosome damage and cytotoxicity [36] . The N-terminal tail of MPG contributes little to MPG's recognition of substrates or N-glycosylase activity [19, 20, 37] . In the present study, we report that the N-terminal aa 34-79 of MPG plays a role in binding to p53 and inhibiting p53 activity. MPG regulates p53 transcriptional activity in a catalytic activity-independent manner. As far as we know, this is the first evidence to clearly show a glycosylase-independent function of MPG. Thus, we propose a model that the N-terminal part of MPG mediates its p53-regulating function while the rest of MPG executes the glycosylase activity, and both actions coordinate to control the genomic stability.
Mapping analysis revealed that the aa 236-290 region within the DBD of p53 was critical for its interaction with MPG. More than 90% of p53 native mutations in human tumors were detected in this domain. Interestingly, three out of four loss-of-function mutants (i.e., R248Q, R273C and R280K) dramatically reduced the ability to interact with MPG ( Figure 3) . Mutations of p53 result in loss of the normal tumor suppressor function (LOF) but gain-of-function (GOF) of oncogene at the same time [38] . Whether the mechanisms also involve MPG is an important avenue for future studies.
The DBDis important for p53 to recognize the consensus sequence in target genes and transactivate the downstream genes to induce cell cycle arrest or apoptosis. Therefore, we measured the DNA-binding activity of p53 in the presence of MPG. In unstressed cells, the ability of exogenous p53 to bind to cell cycle control genes, such as p21, 14-3-3σ and Gadd45, was abolished by MPG in a dose-dependent manner. In contrast, there were no significant changes for pro-apoptotic genes. Moreover, the mRNA and protein levels of p21, 14-3-3σ and Gadd45 were regulated by MPG overexpression or knockdown and such regulation was dependent on the presence of p53. Indeed, in MCF7 cells that contain wild-type p53, reducing the level of MPG induced G1 arrest without a significant induction of apoptosis. Notably, MPG binds to p53 with a strong affinity as the endogenous interaction between MPG and p53 was easily detected by Co-IP assays. Therefore, we propose that MPG acts was a constitutive regulator of p53 in unstressed cells to control cell cycle arrest. In contrast to the functional mode of MPG, Hzf (another selective proarrest regulator of p53) is induced by p53 and then helps p53 to control the cell cycle arrest [8] . MPG expression seems to be independent of the p53 status and cannot be induced by p53 or DNA damage.
This prompts the following question: why does MPG preferentially regulate the pro-arrest p53 target genes over the pro-apoptotic genes? We speculate that there may be three mechanisms by which interacting proteins coordinate with p53 to modulate downstream outcomes: (1) by regulating p53 protein levels, as low levels of p53 tend to associate with growth-arrest genes while higher levels favor pro-apoptotic genes and trigger apoptosis; (2) proteins that are transcription factors themselves can bind to promoter sites adjacent to p53 response elements in addition to binding to the p53 protein to selectively induce specific response genes; and (3) proteins bind to p53 and directly influence the ability of p53 itself to bind preferentially to particular DNA target sequences. We observed that MPG and p53 cannot mutually modulate each other's protein levels. Moreover, MPG itself cannot bind to p53 response elements directly. Our data strongly suggest that upon MPG binding to p53, p53 is preferentially inhibited from being recruited to the promoters of its cell cycle-arrest target genes, although the detailed selective mechanism is still unclear. We hypothesize that perhaps other unidentified co-factors in the complex with MPG help to confer the modulator function of MPG. We are currently exploring the components of the MPG complex using an immunoprecipitation assay combined with mass spectrometry analysis. Cells are continuously exposed to damaging stimuli from normal cellular metabolism and environmental agents. BER is the major DNA repair pathway in mammalian cells for eliminating small DNA base lesions. The approximate 10 4 damaging events/mammalian cell that happen every day underscore the importance of BER. MPG can recognize and excise the damaged base resulting in a baseless or abasic or apurinic/apyrimidinic (AP) site. Unrepaired AP sites block DNA replication and transcription. Previous studies indicated that overexpression of MPG dramatically sensitized cells to alkylating agent-induced cytotoxicity by an increased production of AP sites (toxic repair intermediates) and strand breaks [12] and disrupted the normal BER. A recent study revealed that an inappropriate expression of human MPG can increase the accumulation of BER intermediates that promotes genomic instability [39] . MPG can specifically bind to DNA containing one and two base-pair loops within repetitive sequences, and the strength of this binding correlates with the extent of frameshift mutagenesis and microsatellite instability. In our study, we showed that increased MPG levels inhibit the ability of p53 to induce cell cycle arrest and shorten the DNA repair process, resulting in a reduction of BER and an accumulation of cytotoxic AP sites. It can be envisioned that MPG is kept at a low level in normal cells to avoid the accumulation of toxic repair intermediates and to maintain genomic stability. MPG overexpression may lead to a pronounced production of AP sites and an inhibition of cell cycle arrest induced by p53, both of which may contribute to overwhelming the downstream rate-limiting step of BER. The unbalanced repair may then contribute to genomic instability and tumorigenesis.
Another question is whether MPG plays a key role in reducing the p53-mediated cell cycle arrest in response to different types of genotoxic stress. An S phase-specific antimetabolite, 5-FU, interrupts thymidylate synthase and blocks the synthesis of the pyrimidine thymidine, which is a nucleotide required for DNA replication [40] . Cytotoxicity of MMS and TMZ caused by the alkylation of DNA is strongly attenuated by the ability of MPG to repair DNA lesions. When MPG is knocked down under such conditions, p21 and 14-3-3σ were not upregulated just after treatment with TMZ and MMS. Meanwhile, MPG lost the ability to bind and repress p53 transactivity ( Figure 7) . One possible explanation is that MPG dissociated from p53 and distributed widely over the genome to remove the damaged DNA caused by the alkylation agents. Interestingly, we observed that MPG overexpression occurs in breast ductal carcinoma, LSCC and CC samples ( Figure 7) ; this is consistent with the low expression of p53 (which might be wild type due to the rapid dynamic degradation) in these cancer patients. Alkylating agents are clinically used in the treatment of several human cancers. The cytotoxicity of these anticancer drugs results from the alkylation of DNA and is strongly attenuated by the ability of the cells to repair DNA lesions. Besides being cytotoxic, these agents are also mutagenic and the occurrence of secondary cancers has been linked to the use of high-dose chemotherapeutic regimens. For those patients with high levels of MPG and wild-type p53, alkylating agents may increase the risk of secondary cancers or have diminished therapeutic effects. The pathophysiological relevance of MPG and p53 in cancers needs deeper investigation in the future.
In summary, this study shows that MPG, an important glycosylase in the BER pathway, specifically inhibits p53-mediated cell cycle arrest in a glycosylaseindependent manner. The status of p53 coordinates with MPG to determine the sensitivity to alkylating drugs in cancer therapy. To the best of our knowledge, this is the first direct evidence to show that a DNA repair enzyme functions as a selective regulator of p53.
Materials and Methods
Plasmid constructs
Full-length, truncated, and point mutations of MPG and point mutations of p53 were constructed by inserting PCR amplified fragments into the related vectors. Detailed construct information of MPG was previously described [41] . A series of p53-truncated plasmids were gifts from Dr Shengcai Lin and described previously [41, 42] . Flag-p53 and Myc-p53 were a kind gift from Dr Yue Xiong, and pG13-Luc p53 luciferase construct was obtained from Dr Bert Vogelstein. 
Cell culture and transfection
Antibodies and reagents
DNA-damage mimicking reagents 5-FU, TMZ and methylmethane sulfonate (MMS) were purchased from Sigma. Anti-Myc antibody was purchased from Clontech. Anti-FLAG and anti-Flag-HRP antibodies were from Sigma. Anti-MPG, anti-Myc-HRP, anti-p53 (DO-1), anti-p53-HRP, anti-p21, anti-pig3 and anti-Actin antibodies were from Santa Cruz. Phosphorylated p53 (Ser 15) and anti-puma antibodies were purchased from Cell Signaling. Anti-GST antibody was from Tiangen. Other antibodies used were antiGadd45 (Abnova), anti-14-3-3σ (NeoMarkers), anti-noxa (Bethyl Laboratories, Inc.) and anti-tigar (Abcam).
Immunoprecipitation and immunoblotting
Cells were harvested at 48 h post-transfection and lysed in HEPES lysis buffer (20 mM HEPES, pH 7.2, 50 mM NaCl, 0.5% Triton X-100, 1 mM NaF and 1 mM DTT) supplemented with protease inhibitor cocktail (Roche). Immunoprecipitations were performed using the indicated primary antibody and protein A/ G-agarose beads (Santa Cruz) at 4 °C. Lysates and immunoprecipitates were examined using the indicated primary antibodies followed by detection with the related secondary antibody and the SuperSignal chemiluminescence kit (Pierce).
GST pull-down assay
Bacteria-expressed GST, GST-p53 or GST-MPG proteins were immobilized on glutathione-Sepharose 4B beads (GE, UK) and washed, and then beads were incubated with Myc-MPG or Mycp53 expressed in H1299 cells and lysed in HEPES lysis buffer for 3 h at 4 °C under rotation. Beads were washed with GST binding buffer (100 mM NaCl, 50 mM NaF, 2 mM EDTA, 1% Nonidet P40 and protease inhibitor cocktail) and proteins were eluted, followed by western blotting.
RNA interference
The MPG siRNA (5′-AAGAAGCAGCGACCAGCTAGA-3′), p53 siRNA (5′-CUACUUCCUGAAAACAAC-3′) and nontargeting siRNAs (5′-UUCUCCGAACGUGUCACGU-3′) were synthesized by Shanghai GenePharm. All siRNAs were transfected into the cells according to the manufacturer's protocol. After 48 h, cells were washed with phosphate-buffered saline, lysed directly into sample buffer and resolved by 12% SDS-polyacrylamide gel electrophoresis.
Reporter gene assays
Luciferase reporter plasmids pG13-Luc (contains 13 tandem p53-binding elements) and pRL-CMV (internal control; from Promega) were co-transfected with plasmids indicated in figures . After transfection for 48 h, cells were lysed in 90 μl of a passive lysis buffer (Promega). Luciferase activity was measured with the Dual Luciferase Assay System (Promega) in accordance with the manufacturer's protocol.
Real-time RT-PCR
Real-time quantitative PCR was performed as described previously [5] . Sequences of primers of the p53 targeted genes used in qPCR assays are listed in Supplementary information, Table S1 .
Fluorescence analysis
For detection of colocalization by immunofluorescence, cells were fixed with 4% paraformaldehyde and permeabilized in 0.2% Triton X-100 (PBS). Proteins were stained using the indicated antibodies and detected with a TRITC-conjugated or FITC-conjugated secondary antibody. The nuclei were stained with DAPI (Sigma), and images were visualized with a Zeiss LSM 510 Meta inverted confocal microscope.
Cell cycle analysis
Cells were transfected with MPG siRNA and non-targeting siRNAS as control. At 48 h post-transfection, cells were harvested by trypsinization, fixed in 70% ethanol and stained with propidium iodide (50 mg/ml) containing 1 mg/ml of RNase A at 37 °C for 30 min and then analyzed for DNA content.
Electrophoretic mobility shift assay
Forty-eight hours after transfection, cell nuclear extracts were made using a Nuclear Protein Extraction Kit (Fermantas). 10 μg of nuclear extract was incubated with biotin labeled oligonucleotides corresponding to p53 binding sites in p21 promoter, 14-3-3σ promoter, the third intron of Gadd45 and puma promoter in gel shift binding buffer (10% glycerol, 20 mM HEPES, pH 7.5, 25 mM KCl, 2 mM DTT, 2 mM MgCl 2 , 0.2% NP40, 1 mg poly(dI-dC)). Unlabeled oligonucleotide was added in 200-fold excess as specific competitor. The DNA-protein complexes were then resolved by LightShift® Chemiluminescent EMSA Kit (Pierce) according to the manufacturer's instructions. The probe sequences of p53 targets are listed as follows. p21: GTCAGGAACATGTCCCAACAT-GTTGAGCTC; 14-3-3σ: GTAGCATTAGCCCAGACATGTCC; Gadd45: GTACAGAACATGTCTAAGCATGCTGGGGAC; puma: CGCGCCTGCAAGTCCTGACTTGTCCGCGGC.
Chromatin immunoprecipitation assay
H1299 cells were transfected with the expression plasmid for p53 together with or without the expression plasmid for MPG. Forty-eight hours after transfection, cells were treated with 1% formaldehyde at 37 °C for 15 min. After being washed with icecold PBS, cells were suspended with 200 ml of SDS lysis buffer (1% SDS, 10 mM EDTA and 50 mM Tris-HCl, pH 8.1) on ice for 10 min. Lysates were sonicated and insoluble materials were removed by centrifugation. Supernatants were then precleared with 80 μl protein-A beads for 1 h at 4 °C. The precleared chromatin solutions were immunoprecipitated with normal mouse IgG or with anti-p53 antibody at 4 °C overnight, followed by incubation with 60 ml of protein-A beads for 6 h at 4 °C. The beads were washed once with low salt wash buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1% Triton X100, 0.1% deoxycholate sodium, protease inhibitors), once with high salt wash buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 1% Triton X100, 0.1% deoxycholate sodium, protease inhibitors), once with LiCl wash buffer (10 mM Tris pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate sodium, 1 mM EDTA) and twice with 1 ml of TE buffer. Samples were eluted with 200 ml of the elution buffer (1% SDS and 0.1 M NaHCO 3 ) and then crosslinks were reversed by heating them at 65 °C for 6 h. Chromatin-associated proteins were digested with proteinase K at 45 °C for 1 h, and immunoprecipitated DNA was extracted with Phenol-chloroform followed by ethanol precipitation. Purified DNA was analysed by real-time PCR, using the SYBR Green mix 
Measurement of intracellular NAD(P)H
To quantification of intracellular NAD(P)H levels, MCF7 cells were seeded into 96-well plates and transfected with the indicated plasmids. After 24 h, they were treated with MMS (at the indicated concentrations) and CCK-8 solution (Dojindo Molecular Technology, Japan). The cells were then incubated for 4 h to allow formazan dye production, which was measured on a microplate spectrophotometer (SpectraMax 340PC384; Sunnyvale, CA) at 450 nm with 650 nm as the reference filter. The decrease in intracellular NAD(P)H levels were determined by comparing the absorbance of treated cells with that of the control. The means and standard errors for each cell line were calculated from at least three independent experiments, each in triplicate.
Immunohistochemical staining
The human multiple tissue arrays (MTA) of BDC (OD-CTRpBre03-004), LSCC (OD-CT-RsLug04-004) and CC (OD-CTDgCol01-006) were purchased from Shanghai Outdo Biotech (Shanghai, China). The clinical characteristics of all of samples could be downloaded from the company's Web site: http://www. superchip.com.cn/web/index.asp. Various cancer tissues and their normal tissues counterparts on MTAs were incubated simultaneously with MPG (4 μg/ml), p53 (2 μg/ml) antibodies or relative control IgG overnight at 4 °C. After washing with PBS, they were reacted with the biotin-labeled second antibody and then visualized using an ultrasensitive streptavidin-peroxidases system (Maxim Biotech, Fuzhou, China). The intensity of MPG and p53 for each individual case was quantified as described previously [43] and the percentage of expression were both graded as different scores. If the numerical value was higher or lower than that of the adjacent normal tissue, the expression of MPG and p53 in the tumor tissue was considered to be up-/down-regulated, respectively.
Cell survival assay
MCF7 cells were seeded into 96-well plates and transfected with the indicated plasmids. After 24 h, they were treated with MMS (at the indicated concentrations) 4 h, then drug-containing medium was removed and replaced with fresh growth medium. Cells were incubated for another 24 h, 0.05 mg/mL MTS reagent (Promega) was added to each well and incubated at 37 ºC for 4 h followed by absorbance measurement at 490 nm. The values were standardized to wells containing media alone.
Comet assay
The single-cell gel electrophoresis or comet assay was used to determine the extent of DNA damage in individual MCF7 cells, which transfected with the indicated plasmids treated with MMS. After 36 h, cells were treated with MMS for 4 h and harvested by trypsinization. Alkaline comet assay was done according to the manufacturer's instructions of OxiSelect™ Comet Assay Kit (Cell Biolabs, INC.). Comets were visualized by epifluorescence microscopy using a FITC filter [44] . The comet lengths of 100 individual cells per group were measured for each treatment group.
AP site determination assay
To determine number of AP sites formed, MCF7 cells were transfected with the indicated plasmids and treated with MMS. Cells were collected, and the genomic DNA was isolated using the Get-Pure DNA isolation kit (Dojindo Molecular Technologies, Rockville, MD). The ARP reagent specifically reacts with the aldehyde group of AP sites in the open conformation, converting them to biotin-tagged AP sites. The amount of biotin can then be quantified by an enzyme-linked immunosorbent assay-like assay [34] . The number of AP sites formed was determined using the AP Site Quantitation kit (Dojindo Molecular Technologies) as per the kit instructions [35] . The experiments were repeated in triplicate, and the data presented are averages of three independent experiments with standard error.
Statistical analysis
Statistical evaluation was carried out using a Student's t-test.
